To monitor the quality of male tsetse for use in the sterile insect technique (SIT), a field cage test was developed and evaluated. Mating competitiveness was tested with male Glossina pallidipes Austen that emerged from pupae stored for different periods at 15°C. Control males emerged from pupae stored at 23-24°C and emerged at 26.5°C. Each sample of test males was divided into two groups with one group being irradiated at 120 Gy; the other group was not irradiated. More than 70% of the maximum possible number of mating pairs occurred in all tests. Males emerged from pupae kept at low temperature and then irradiated formed a greater proportion of mating pairs than the controls. Males emerged from pupae kept at 15°C generally started mating more quickly than the standard colony males although there was no significant difference. Insemination rates were above 99%. Pooled data indicated that mean spermathecal values for females mated with irradiated males were significantly lower than for control males. The duration of copulation varied significantly between treatment groups and was significantly longer for irradiated male flies; there was no correlation between duration of copulation and mean spermathecal value.
Introduction
The rearing of large numbers of male tsetse flies (Diptera: Glossinidae) for use in sterile insect technique (SIT) field programmes requires the development of suitable quality control procedures to ensure the release of high quality sterile flies. For tsetse, sterile male quality has usually been assessed using mark-release-recapture, survival, dispersal and flight ability (Dame et al., 1975; Msangi et al., 2000) . As mating is one of the key factors impacting on the success of the sterile insect technique a protocol to assess this would be invaluable. In medfly, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) the use of field cages for assessing sterile fly quality and other mating characteristics (Cayol et al., 1999) is now an integral component of quality control protocols (USDA/IAEA/FAO, 1998). The report below describes the results of such an approach for tsetse, building on the systems developed earlier (Dean et al., 1969) . In the past, doubts have been expressed on the quality of sterile male tsetse especially relating to the inadequate development of their thoracic flight musculature in the laboratory Dame, 1970; Dame & Schmidt, 1970; Langley, 1970) even though field trials using laboratory-bred flies indicated good performance (Dame et al., 1975) . Previous tsetse eradication programmes in Tanzania (Dame et al., 1980) , Burkina Faso (Politzer & Cuisance, 1984) , Nigeria (Oladunmade et al., 1990) and the recent eradication of Glossina austeni Newstead (Diptera: Glossinidae) from Unguja Island, Zanzibar illustrated the feasibility of the technology. Buxton (1955) reported that little was known about the mating behaviour of Glossina pallidipes Austen (Diptera: Glossinidae) in nature, and that still appears to be the case (Wall & Langley, 1993; Leak, 1998) . However, other behavioural traits of this species such as response to colours, vegetation and shapes have been incorporated in current management practices (Colvin & Gibson, 1992; Green, 1994; Vale, 1998) . Limited mating studies have been carried out in the laboratory in small cages generally using 20 cm diameter ϫ 5 cm high cages or Perspex tubes, 55 cm high ϫ 20 cm diameter, with netting at either end (Leegwater-van der Linden & Tiggleman, 1984; P.A. Olet, E. Opiyo & A.S. Robinson, unpublished) . In these systems the flies are restricted to a limited space and lack freedom to make choices. To improve this situation the possibility of using a large walk-in cage to study mating, sterile male quality and other quality control parameters associated with tsetse mass rearing was investigated. The effect of different pupal treatments and the impact of irradiation on male competitiveness were measured.
Materials and methods

Strain
All experiments were carried out with a strain of G. pallidipes that is maintained on membranes at Seibersdorf, Austria. The colony is fed bovine blood that is collected in large volumes from an abattoir, frozen at Ϫ20°C and irradiated with 100 Gy in a commercial irradiator. Aliquots of the blood are thawed and used as required. The colony was derived from field pupae collected in Uganda in 1975 and first colonized in Amsterdam, The Netherlands.
The field cage and its environment
The netting cage was cylindrical, 2.9 m in diameter and 2.0 m high and contained two citrus trees, c. 1 m high. The cage was entered via a vertical zip. The cage was placed inside a glasshouse under natural light but with temperature and humidity controls. Temperature and relative humidity were measured in the centre of the cage from 10:00 h to 12:00 h on the day of the tests using a digital Meteoscop 3™. Atmospheric pressure was recorded each day and light intensity averaged from three levels using a TES-1334 Lightmeter™. The observer remained in the cage for the duration of observations and kept movements to a minimum.
Treatment of male pupae
Recently, a system has been developed which enables male-only pupae to be collected (Opiyo, et al., 2000) . It involves incubation of pupae at different temperatures and the emergence of flies directly into production cages. The regime ensures that all the adult females from a cohort of pupae emerge directly into the cage together with about 25% of the males that are sufficient to fertilize all the females. What remain are male pupae. This system will be used for mass rearing and therefore pupae obtained under these conditions were used to provide the males for the tests. Mature male pupae (32 days post-larviposition) were treated as follows: (i) cooled to 15°C for 24, 48 or 72 h then allowed to emerge at 23-24°C; (ii) cooled at 15°C for 24, 48, 72 h then allowed to emerge at 26.5°C; and (iii) no cooling, with emergence at 26.5°C (control)
Treatment of adults
Thirteen days after eclosion, the males from the three treatment groups were split into two sub-groups and one was irradiated with 120 Gy in a gamma source. Males (irradiated and non-irradiated) from treatments 1 or 2 were tested against males from treatment 3 (irradiated and nonirradiated). For each test, flies from three treatment subgroups were marked with three different colours using a dot of polymer paint on the notum. One sub-group remained unmarked. All flies were immobilized at 4°C during marking and the sub-group that was not marked was also subjected to the same immobilizing temperature. The allocation of colours was random, such that the same colour was not given to the same treatment sub-group on each occasion and also such that the unmarked treatment subgroup was not always the same. Males were 14 days old and females 8 days old on the day of the test. The females were from the same colony as the males. Flies were not fed on the day of the test but had been fed the day before.
Field cage test protocol
All tests began at 10:00 h and finished at 12:00 h local time. Ten virgin males from each of the four treatment subgroups were first introduced into the cage, immediately followed by 20 virgin females from the standard colony to give an initial 2:1 (male:female) sex ratio. Each test was replicated three times. Using a pooter, all flies were released in the centre of the cage, 1 m from the ground and the release process lasted about 10 min. Any fly that dropped to the ground was considered a non-flier and was replaced. The time when the first mating pair was observed was recorded in minutes from the end of the release process and this was taken as the minimum pre-mating period. Mating pairs were collected in single tubes as they formed, the time recorded, and again at separation to calculate the mating duration. There was no replacement of flies that were removed, so the ratio of male:female decreased as each mating pair was removed. The mated females were kept overnight in standard colony conditions and dissected under a binocular microscope to determine whether insemination had taken place and to estimate the amount of sperm and accessory gland fluid transferred. All flies remaining in the cage at the end of the observation period were recaptured and discarded. All observations in the cage were made by G.N. Mutika.
Mating indices and data analysis
The propensity of mating (PM) was defined as the overall proportion of released females that mated. It represents the overall mating activity of the flies under the given environmental conditions and is used to assess suitability of the conditions and the flies for the test.
The relative mating index (RMI) was defined as the number of pairs of one treatment group as a proportion of the total number of matings. This value shows the proportion of matings achieved by one treatment group and values range from 0 to +1.
The relative mating performance (RMP) was defined as the difference between the numbers of matings of the two types of male as a proportion of the total number of matings. The values of the above indices, together with observations made on minimum pre-mating period, mating duration and spermathecal values, were used to determine the competitiveness of the treated males as compared to the standard colony males. The spermathecal value was obtained by assessing the content of the two spermathecae and adding the values. Spermathecae were classed as empty, 0; quarter full, 0.25; half full, 0.5, three quarters full, 0.75 and full, 1.
Data were pooled for analysis of variance and means subsequently separated by the least significant difference procedure (Sokal & Rohlf, 1995) . Chi-square analysis and ztest for comparison of proportions were carried out as appropriate.
Results
Environmental conditions
Temperature ranged from 23 to 27°C and the relative humidity from 33 to 38% during the observation periods ( fig. 1 ). Atmospheric pressure during each day's observation period remained constant but varied between 981 and 1005 hPa with the day of the test. The minimum light intensity (570 lux) was recorded below the plant leaves on one overcast day when there was snow, otherwise the average light intensity fluctuated between 4400-6200 lux during the observation period. As the greenhouse was outdoors, it was impossible to standardize the light intensity. The different light intensities did not affect the mating frequency.
Activity in the cage
The following is a general description of what was observed in the cage following release of the flies. Subsequent work will attempt to quantify the occurrence and relevance of the different observations. Following release most flies flew to the roof and walls of the cage with a few landing on the citrus trees. Flies tended to rest on the darker surfaces such as the cloth edges of the zip and the edge of cage where the wall meets the roof, etc. In some instances mating 'strikes' immediately followed the release of females, but in general flies flew to, and remained in, one position before attempting to mate. Females and males were observed in close proximity for long periods without any attempts to engage in mating activity. The majority of successful mating pairs were formed in the first 60 min after introduction of the females into the cage. Occasionally there was direct competition for the same female by two males and the second male would continue in its attempt to engage genitalia even though the other male had already successfully engaged genitalia. A high pitched whistling (socalled 'singing') sound could be heard prior to a male flying from its resting position and coupling with a female to initiate copulation. The significance of this sound is unknown but appeared to be associated with a male taking off from a resting position but not all successful mating strikes were preceded by the sound.
Unreceptive females either flew away or prevented mating by a series of aggressive movements. Persistent males would attempt copulation for up to 10 min and males occasionally pursued females that flew in their vicinity. Both sexes also flew at high speed across the cage and among the leaves. Some of the flights were apparently directed at escape.
Performance indices
The propensity of mating, during the observation period of 2 h was never less than 0.77 irrespective of how the pupae were treated and showed no significant differences between treatments (table 1). Only ten out of the 313 females that mated were not inseminated and seven of these mated with irradiated males. The high value of this index indicates that both the physiological state of the flies and the cage environment were conducive to carrying out the mating test. The mating propensity values were not significantly different (P > 0.05, F = 0.11, d.f. = 5,16).
The relative mating index for the different types of male is shown in table 2. If the competitiveness of the males of the four sub-groups tested were equal then 0.25 of the mating pairs would be from each of the treatment groups. The Gtest for goodness of fit indicated significant relative mating indices for males emerged at 23-24°C after cooling of pupae at 15°C for 72 h ( 2 = 4.89, d.f.1) and at 26.5°C after cooling of pupae at 15°C for 24 h ( 2 = 7.24, d.f.1). Irradiated males that emerged from pupae exposed to low temperature consistently showed relative mating index values above 0.25 (table 2) indicating good mating performance. Further analysis of proportions by the z-test (one-tailed, ␣ = 0.05) showed significant values for irradiated males that emerged at 23-24°C after cooling of pupae at 15°C for 72 h and at 26.5°C after cooling of pupae at 15°C for 24 h.
Calculating their relative mating performance highlighted relative differences between males, in terms of overall mating performance. Males were compared as either control vs. irradiated or no pupal cooling vs. cooled pupae. The index ranged between -1 and +1. Values in the negative range indicate that matings were predominantly by irradiated males or by males emerged from pupae exposed to low temperature. The proportion of irradiated males that mated was greater than control males and more males that emerged from pupae incubated for varying periods at 15°C formed successful mating pairs than did males that emerged from pupae not exposed to low temperature (table 2) . For all tests, males that emerged from pupae exposed to low temperature and that were irradiated, consistently outperformed the other sub-groups. Analysis of proportions by the z-test (one-tailed, ␣ = 0.05) showed significant values for irradiated males emerged at 23-24°C after cooling of pupae at 15°C for 72 h and for males emerged at 26.5°C after cooling of pupae at 15°C for 48 h. As mating couples were not replaced during the test, the ratio of males to females increased with time but this was unlikely to have changed the relative competitiveness of the males being tested.
Other mating parameters
There was no significant difference in the minimum premating period due to treatment of pupae (P > 0.05, F = 1.80, d.f. = 6,306) although males that emerged from pupae exposed to low temperature apparently started mating earlier than standard colony males (table 3). The duration of mating varied significantly between treatment groups and was significantly longer for irradiated males than for control males (P < 0.05, F = 16.3 and d.f. = 1,311). The mean spermathecal value was homogeneous irrespective of pupal treatment (P > 0.05, F = 1.03, d.f. = 6,304) but was significantly lower for females mated with irradiated males (P < 0.05, F = 40.8, d.f. = 1,309) (table 3). Product-moment correlation coefficients between duration of mating and mean spermathecal value were low indicating that the variation in spermathecal values could not be explained by duration of mating.
Discussion
Females spent most of the time resting and made only a few flights compared to males. This is in agreement with laboratory (Brady, 1972) and field observations (Bursell, 1970 , Colvin & Gibson, 1992 . The behaviour of unreceptive females was similar to that described for G. austeni and Glossina m. morsitans Westwood (Diptera: Glossinidae) (Huyton & Langley, 1982) ; in addition, G. pallidipes females tended to fly away from the male. The males took off from a resting position without any visible stimulus being apparent and not necessarily when a female flew in the vicinity. The high pitched whistling sound preceding mating has also been recorded for Glossina fuscipes fuscipes Newstead (Diptera: Glossinidae) (Rudrauf, 1977) while for G. m. morsitans sound production has been linked to post-feeding behaviour (Saini, 1981ab, 1983 . However, the real function of this sound production remains to be fully elucidated. Although there were occasions when successful mating took place when a female moved into the immediate vicinity of a male, the majority of recorded pairs were not associated with movements of the female as observed for G. m. morsitans and G. austeni (Huyton & Langley, 1982) .
The assumption is that mating occurs at or near the host (Saunders & Phelps, 1970) but doubts have been cast on this hypothesis (Wall & Langley, 1993) . Mating occurred readily in the cage where the males sought and found females freely in the absence of a preferred host. In fact, man is generally repellent to G. pallidipes, an observation confirmed in these tests as the investigator was not harassed or bitten by the flies. This could also be related to the fact that the flies had been fed the day prior to the test. These preliminary data suggest that mate recognition in G. pallidipes was independent of the presence of a host. However, it was not possible to identify what the cues were to mating of G. pallidipes in the field cage and further observations will be required.
Irradiated males that emerged from pupae that had been cooled at 15°C for 24-72 h engaged in successful mating more readily than flies that had not been irradiated (table 2) . If all treatments were equally competitive, only 25% of the recorded mating pairs would come from each group. Relative mating indices greater than 0.25, although not necessarily significant, therefore imply a better mating performance. The better mating performance of males that emerged from pupae exposed to low temperature and subsequently irradiated shows that the desired quality of males for use in a sterile insect technique programme can be achieved even after storage of pupae at low temperature for varying periods of time. The relative mating performance values are negative but close to 0 showing equally good performance. The ability to store male pupae for some time before emergence and irradiation provides a useful degree of flexibility in operational programmes. It will enable 284 G. Mutika et al. releases to be synchronized if required and any interruptions to release schedules through bad weather can be easily accommodated.
The minimum pre-mating period represents the time spent between release and mating. It would be ideal for the released males to seek a mate quickly and successfully copulate. The significant effects of pupal treatment on the time males successfully mate after introduction into the cage (table 3) can be investigated further to determine whether these males have any real competitive advantage. Related studies by P.A. Olet, E. Opiyo & A.S. Robinson (unpublished) show that sterile males will have to be released when at least 7 days old.
Mating duration is important in relation to providing the female with all the components that elicit the correct postmating behaviour. It is possible that during mating the stage is set for the single mating strategy in the life of a majority of female tsetse although there is no established link between copulation duration and subsequent refractoriness to mating (Leegwater-van der Linden & Tiggelman, 1984) . In some instances, a male fails to establish copula despite persistent attempts for over 10 min and this may imply that recorded mating duration times of well over 30 min include periods when the male was still trying to engage genitalia. The same arguments apply to the mean spermathecal values, which in these studies were negatively influenced following matings with irradiated males. Nevertheless, the mean spermathecal value was always above 1.0, the maximum being 2, which ensures full productivity of the female (Leegwater-van der Linden & Tiggelman, 1984) . Future work will examine the relationship between spemathecal value and re-mating as Saunders & Phelps (1970) quoted work that speculated that female tsetse copulated more than once in nature. For the sterile insect technique, re-mating itself is not a key factor provided that the irradiated male elicits the normal behavioural response and that irradiated sperm is competitive with wild sperm.
Previous evaluations of sterile male tsetse in field cages were carried out without direct observation and conclusions on competitiveness were based on pupal production (Dean et al., 1969) . However, in the current system, data on individual flies can be collected and therefore more accurate information on competitiveness of male flies can be obtained. These studies indicate that, providing a suitable environment is created, evaluations of tsetse mating behaviour can be carried out throughout the year even in a temperate climate. It is planned to transfer this technology to Africa to assess how representative the results of these studies are. It will also be necessary to include wild females from the target population in the test to monitor any effects of laboratory colonization on fitness. An important question relates to the extrapolation of these observations to an open field situation where flies are neither confined within a small space nor are the released males immediately surrounded with virgin females. It is unlikely that any field cage environment can duplicate an operational arena, nevertheless the ability to monitor sterile male mating efficiency in a realistic experimental arena will greatly help in monitoring the quality of mass reared sterile male tsetse.
